InGaAs avalanche photodiodes (APDs) are convenient for single photon detection in the nearinfrared (NIR) including the fibre communication bands (1.31/1.55 µm). However, to suppress afterpulse noise due to trapped avalanche charge, they must be gated with MHz repetition frequencies, thereby severely limiting the count rate in NIR applications. Here we show gating frequencies for InGaAs-APDs well beyond 1 GHz. Using a self-differencing technique to sense much weaker avalanches, we reduce drastically afterpulse noise. At 1.25 GHz, we obtain a detection efficiency of 10.8% with an afterpulse probability of 6.16%. In addition, the detector features low jitter (55 ps) and a count rate of 100 MHz.
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This has rendered InGaAs APDs unsuitable for applications, which require high-speed single photon detection, such as next generation high bit rate QKD.
11,12,13
Alternative technologies, such as upconversion with periodically poled LiNbO 3 (PPLN) 14 and superconducting nanowire detectors, 15 have been developed. However, those PPLN upconversion detectors 12, 13 suffer from high background photon count rate and require sophisticated optical alignment for noise rejection, while superconducting device requires cryogenic cooling to temperatures of around a few K.
In this paper, we show gating frequencies for InGaAs-APDs well beyond 1 GHz. Using a self-differencing technique to sense much weaker avalanches, we reduce drastically the avalanche charge and hence the afterpulse noise. At 1.25 GHz, we obtain a detection efficiency of 10.8% with an afterpulse probability of 6.16%. In addition, the detector features low timing jitter (55 ps) and a count rate of 100 MHz, and does not require cryogenic cooling. These features make the device suitable for a wide range of applications requiring high count rate, low noise, fast NIR single photon detection.
The key to improve InGaAs APD speed is to limit the avalanche charges by detecting weak avalanches. Unfortunately, weak avalanche signals are often buried within the APD capacitive response, especially when using fast gating signals. Figure 1 (b) plots an APD response, recorded on an oscilloscope with 100-ps rise time resolution, to a series of 0.62 GHz square wave voltage gating pulses ( Fig. 1(a) ). In response to each gate, the APD produces a positive peak, followed by a negative peak, due to the charging and subsequent discharging of the finite capacitance of the APD. No avalanche signals can be identified in this waveform. However, numerically subtracting a signal that is identical to Fig. 1(b) but shifted by one gating clock as shown in Fig. 1(c) , the resulting waveform ( Fig. 1(d) ) shows clearly a distinctive positive peak, followed by a negative peak separated by one clock period. The positive peak and the following negative one revealed here is attributed to an avalanche.
By discriminating either the positive or negative peaks, avalanches, previously completely buried within the capacitive response, become detectable. Note that the amplitude of the avalanche signal is 10 times weaker than the APD capacitive response and is superimposed on the negative capacitive peak. Without removing the capacitive response, an avalanche would have to be at least 20 times stronger in order to be detected.
Numerical subtraction is rather impractical, especially when the gating frequency is high.
In practice, such an operation may be realized using hardware. The InGaAs APD under test was cooled electrically to −30 • C. It was gated using a square wave signal generated by a pulse generator. The APD output, after passing through the self-differencer, is pulse-shaped using a discriminator before analysis by a pulse counter or a time-correlated photon counter. To characterize its detection efficiency, the APD was illuminated with 80-ps long pulses of 1550 nm light from a distributed feedback laser diode, which was synchronized at 1/64 of the APD gating frequency. Each pulse was attenuated to 0.1 photons per pulse before coupling into the APD fibre pigtail. The setup is suitable for measuring the detection efficiency, dark count and afterpulse probabilities.
We first tested whether the InGaAs APD detects single photons by scanning the laser pulse delay. The APD was biased at 1.4 V below its breakdown voltage of 47.3 V, and gated by a superimposed 0.62 GHz square wave with an amplitude of 6.6 V. As shown in Fig. 2(a) , where the photon count rate is plotted as a function of the laser pulse delay, photons are detected only when they arrive within the gate duration defined by the applied square wave.
Photons arriving between the gates are not detected, evidenced by the fact that the count rate falls to the dark count level. The full width at half maximum (FWHM) of the photon detection peak is 170 ps, significantly narrower than the gate width (800 ps), suggesting that the APD active duration is much smaller than the electrical gate.
Figure 2(b) shows a time-resolved histogram of photon arrivals when the laser delay was tuned to maximize count rate. As the laser diode was triggered at the 1/64 of the gating frequency, the peak at 0 ns corresponding to the illuminated gate is much stronger than the remaining peaks corresponding to the non-illuminated gates. The photon-induced peak is very sharp, with a FWHM of 55 ps, indicating extremely low detection jitter. Adjacent peaks are well separated with a >700 ps gap within which no counts were registered.
The histogram of dark counts is shown in Fig. 2(c) , measured with the laser switched off. The count rate is much lower for each gate than recorded for non-illuminated gates ( Fig. 2(b) ) with the laser on, suggesting that under illumination afterpulses are the dominant noise source. The afterpulse probability P A , defined here as the ratio of the total afterpulse counts to the photon counts, can be obtained from
where I P h and I N I are the count rate per gate at the illuminated and non-illuminated gates respectively, while I D is the dark count rate for each gate. R = 64 is the ratio of the gating frequency to the laser pulse frequency.
The afterpulse probability was measured as a function of the photon detection efficiency, which was varied by tuning the DC bias level in the range of 45.5 -47.0 V. The square wave amplitude was fixed at 6.6 V for a gating frequency of 0.62 or 0.98 GHz, and at 4.6 V for 1.25 GHz. In Fig. 3(a) , P A is plotted as a function of the net detection efficiency η (excluding the dark and afterpulse counts). P A generally increases with η, consistent with the greater avalanche charge flow at the higher bias required for higher detection efficiencies.
There appears to be a critical efficiency η c , below which P A is less than 6.2% and changes slowly with η. When η > η c , P A increases sharply. It is found that η c . = 21% for 0.62 GHz 4 and becomes notably lower at ∼11% for 0.98 GHz and 1.25 GHz. It could well suggest that afterpulse noise is more prominent at higher gating frequencies. However, this may not be the case because η may be underestimated for high frequencies, due to the comparable duration of the optical active gate and the laser pulse duration. Figure 3 (b) plots the dark count probability P D as a function of η. As usual, P D increases with η. At η ≈ 11%, the dark count probability is similar for all gating frequencies, at ∼ 2.5 × 10 −6 per gate. Such a dark count probability is very low indeed, considering the operation temperature of -30
• C. It is roughly 20 times less than obtained previously using conventional discrimination.
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The detector linearity and maximum achievable count rate were also studied. In this experiment, a standard telecom direct modulation laser diode was used to illuminate the APD at the same rate as the APD gating. The relatively wide optical pulse (250 ps FWHM) resulted in an effectively lower photon detection efficiency. As shown in Fig. 4 , the count rate increases linearly with the photon flux over > 30 dB dynamical range. The increase in photon count rate is sub-linear for count rates exceeding 20 MHz, and finally saturates at 100 MHz. The count rate here is more than two orders of magnitude higher than previously achieved. 9 Moreover, the saturation rate is limited by the pulse-shaping electronics, rather than the detector, and could be increased further by using faster electronics.
Finally we compare the performance of the self-differencing APD with PPLN upconversion detectors using Si detectors. 12, 13 As summarized in Table I , the self-differencing APD shows significantly better detection efficiency and dark count probability P D . It is 5 also polarization independent and sensitive to a broad spectrum of photons while an upconversion detector only detects photons at a fixed wavelength with a particular polarization due to stringent phase matching requirement. Moreover, the self-differencing APD features 100 MHz maximum count rate, as compared with ∼15 MHz for an up-conversion detector,
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making it more attractive for high bit rate QKD. Besides improved performance, gated operation is another advantage for QKD. Gated operation automatically rejects background photons arriving between gates. As demonstrated in Fig. 2(a) the APD active width is only 170 ps, far less than the gating period of 1.6 ns, suggesting ∼ 90% rejection of background photons. Of course, gated operation requires clock synchronization, however, even more precise synchronization is required for the up-conversion detectors based QKD where post-measurement gating 13 is required for noise rejection. One possible drawback for the self-differencing detector is that it does not allow tuning the gating frequency continuously over a wide range, as the frequency is determined by the length difference of two co-axial cables used. It is found that, within ±0.5% of the central gating frequency, the self-differencing circuit cancels the capacitive responses well and no degradation in photon counting performance was observed. Such a tuning range makes it suitable for many applications, such as QKD, for which the clock frequency has typically much better stability than ±0.5%.
In conclusion, we have demonstrated for the first time practical GHz single photon detection at 1550 nm using a self-differencing InGaAs APD.
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